We theoretically investigate the mechanical deformations of armchair, zigzag, and zigzag-armchair kink nanotube structures, under severe bendings, within a tight-binding model. It is shown that the zigzag tube is stiffer than the armchair tube with the same diameter. The kink structure is found to be quite stable under severe bendings. Calculating the I-V characteristics, we show that, at the same bias, the current of metallic tube decreases with increased bending, while that of semiconducting tube increases. Such a universal behavior is not observed for the kink structure due to two competing effects. Possible application to nanoelectromechanical sensors and switches is discussed.
I. INTRODUCTION
The mechanical properties of carbon nanotubes, together with their electronic properties, provide a unique and promising basis for theoretical investigations, as well as practical applications. Previous calculations of the nanotubes Young modulus, using empirical force-constant 1 and ab initio 2 models, indicate that it is independent of the chirality of the tube. However, for larger strains, it is shown 3 that most of the axial strain is borne by the bonds parallel to the tube axis. Therefore, one may naturally expect a difference between the mechanical response of the tubes possessing bonds parallel to te tube's axis-i.e., zigzag tubes-and that of the tubes without such bonds ͑e.g., armchair tubes͒. It is indeed shown, 4 using a tight-binding model, that the mechanical response of the nanotubes under large strain is helicity dependent.
As concerns the bending phenomena in carbon nanotubes, several experiments [5] [6] [7] [8] have indicated that, under severe bendings, buckling is the usual way for the nanotubes to reduce strain. The usual approach to the theoretical modeling of buckling phenomena has so far made use of classical potentials. 6, 9, 10 Even for calculations of the electronic properties of the bent tubes, which make use of relatively more sophisticated quantum tight-binding Hamiltonians, the starting geometry of the bent nanotubes has been obtained using classical potentials. [11] [12] [13] The relaxation procedure based on classical potentials does not take into account the increased -hybridization as a result of bending, especially at larger bending angles. However, the increased hybridization is expected to have a decisive effect not only on electronic structure, but also on the forces and relaxed atomic configurations themselves.
The interrelationship of the electronic and mechanical properties of carbon nanotubes [11] [12] [13] [14] [15] [16] [17] gives rise to natural speculations for possible applications. It has been shown both experimentally 18 and theoretically 19, 20 that the reversible bending of nanotubes can be used to alter their conduction, which, in turn, may be used in nanoelectromechanical switch and sensor applications.
Here, we investigate electronic transport through bent carbon nanotubes and establish a correspondence between the mechanical deformation and current that is passing across the deformed region. First, we obtain the optimized configurations of the bent armchair, zigzag, and zigzag-armchair kink [21] [22] [23] structures, using a four-orbital-per-atom tightbinding model. Next, the conductance characteristics of the relaxed structures are derived. Finally, we calculate the current passing through the bent nanotubes and focus on the effects of bending angle on the current-voltage (I-V) features.
II. MODEL AND METHOD
In order to obtain relaxed structures under bending and to calculate transport properties, three different nanotubes are considered in this study: a ͑6,6͒ armchair, a ͑10,0͒ zigzag, and a ͑10,0͒-͑6,6͒ zigzag-armchair kink structure, which contain 972, 940, and 974 carbon atoms, respectively. ͓The diameters of the ͑6,6͒ armchair and ͑10,0͒ zigzag nanotubes are 8.1 and 7.8 Å, respectively.͔ The lengths of these portions are 98 Å for the armchair and zigzag tubes and 100 Å for the kink configuration. Considering the large number of atoms in the systems that makes ab initio geometry optimization formidable and taking into account the disadvantage of using classical potentials mentioned above, we choose a fourorbital-per-atom tight-binding approach, with the parametrization for carbon of Xu et al., 24 both to obtain the optimized geometries and to calculate the electronic and transport properties. This parametrization has proved to provide a transferable potential in tight-binding studies of carbon systems and has recently been applied to the study of C 60 -doped nanotubes 25 and nanotubes under large strain. 4 Geometry optimizations are performed via the O͑N͒ density-matrix electronic structure calculation method of Li et al., 26 combined with the Broyden minimization scheme, 27 within the abovementioned tight-binding approach. 28 The optimization of the bent structures proceeds as follows. For successive bending angles, while fixing eight car-bon rings ͑96 atoms for the armchair case and 80 atoms for the zigzag case͒ at each end of the nanotube, the structure is optimized such that the maximum force acting on the unconstrained atoms becomes less than 0.05 eV/Å.
Having obtained the relaxed structures for different bending angles, we focus on the transport properties. In calculating the conductance, G(E,V)ϭ(2e 2 /h)T(E,V), two semiinfinite perfect nanotubes-i.e., ''leads,''-are assumed to be attached to the two ends of the bent region. Here, the transmission T(E,V) across the bent region is a function of energy E and bias voltage V applied to the bent region. T(E,V) is determined by calculating the total Green's function of the system projected onto the bent region, [29] [30] [31] [32] [33] [34] as applied previously to the calculations of transport through various nanotube heterostructures. 35, 12, 13 The I-V characteristics are then obtained using the Landauer-Büttiker formula
where f A and f B are the Fermi distributions of the two semiinfinite perfect tubes connected to the bent region. When a bias voltage V is applied to the bent region, the chemical potentials of the two leads, A and B , are assumed to be pinned at V/2 and ϪV/2. This determines the shifts of the band structures and density of states ͑DOS͒ of the leads. This is achieved by shifting the on-site elements of the tightbinding Hamiltonians of the two leads by V/2 and ϪV/2. Within the bent region, on the other hand, the on-site shifts are determined by the potential drop pattern. As for the functional form of the potential drop, which is necessary in calculating I-V characteristics, we assume a linear drop across the bent region. Although a self-consistent calculation of the accurate pattern of the potential drop 35, 37 is possible in principle, applying this approach to the bent nanotubes of this study is currently formidable, due to the large number of carbon atoms involved. Our assumption of linear drop is justified by the observation that, as we shall see shortly, the deformations within the bent nanotubes are distributed more or less uniformly.
III. RESULTS AND DISCUSSION

A. Mechanical response
The results of geometry optimizations are depicted in Fig.  1 for armchair and zigzag structures and in Fig. 2 for the zigzag-armchair kink structure. Comparing the results shown in Fig. 1 with the previous optimized structures obtained using classical potentials for the armchair 11, 12 and zigzag 6 configurations, we notice an overall extension of the bent region in the tight-binding results as compared to the classical results. This is attributed to including the increasedhybridization within the tight-binding model, especially at larger bending angles. It is true that the sharp bucklings observed in the results of classical relaxations are in apparent consistency with the experimental results of Iijima et al. 6 for bent single-wall nanotubes. However, one cannot rule out the possibility of the presence of mechanical defects at the buckling position in experimental results, which can result in the sharp buckling. The effects of surrounding environment should not be discarded in interpreting the experimental results either, especially for the bent multiwall tubes reported by Despres et al. 5 and Iijima et al. 6 It should be mentioned that smooth bending of multiwall nanotubes is also observed experimentally, 5, 7 where the effects of the surroundings are less interfering.
Another interesting feature of Fig. 1 is the clear difference between the mechanical response of armchair and zigzag tubes: Although for small bending angles the optimized structures show no sign of buckling in both armchair and zigzag cases, for bending angles equal and bigger than 120°, the zigzag structure appears to be stiffer. This is further manifested in Fig. 2 , where, under successively larger bendings, the armchair part of the structure buckles earlier and appears to be more ductile. The reason for this asymmetry is that in the zigzag structure there are bonds parallel to the tube's axis, while such bonds do not exist in the armchair structure. In accordance with a previous tight-binding study 3 of nanotubes under uniaxial compression, our results show that the significant bonds, responsible for bearing most of the axial strain, are indeed bonds parallel to the tube axis. Figure 2 further shows that the zigzag-armchair kink structure, despite including a pentagon-heptagon defect, is quite stable under severe bendings: Bending the kink structure either ''positively'' or ''negatively'' ͑see Fig. 2͒ does not result in bond breaking or the formation of plastic defects, such as plastic flow and/or extra pentagon-heptagon cores 38 or a collapse from graphite (sp 2 ) to diamond (sp 3 ) structure. 3, 18, 19 Same results of defect-free sp 2 relaxed structures are seen to hold for pure armchair and zigzag tubes in Fig. 1 : A quantitative analysis of the bond lengths in the relaxed structures of Figs. 1 and 2 , along the line performed by Maiti et al., 20 reveals that for the severely deformed structures of armchair ͑6,6͒@180°, zigzag ͑10,0͒@180°, kink ͑10,0͒-͑6,6͒@180°, and kink ͑10,0͒-͑6,6͒@Ϫ180°the C-C bond lengths between each carbon atom and its three nearest neighbors lie within 1.35 and 1.60 Å. The fourth nearest neighbor, however, does not appear until the C-C bond length is increased to 2.15 for ͑10,0͒@180°, 2.20 for ͑10,0͒-͑6,6͒@180°, and 2.25 Å for ͑6,6͒@180°/͑10,0͒-͑6,6͒@Ϫ180°, respectively. This indicates that there is no change in the number of nearest neighbors even up to the maximum bending angle considered here, i.e., 180°.
B. Conductance
The conductance characteristics of the relaxed bent structures, at zero bias, are calculated at different carrier energies, assuming two semi-infinite perfect tubes to be attached to the two ends of the bent region. In Fig. 3 , we show the conductance results for the armchair ͑6,6͒ and zigzag ͑10,0͒, at different bending angles. Figure 4 illustrates the conductance characteristics of the bent kink ͑10,0͒-͑6,6͒ structures. It is evidently seen from Fig. 3 that there is no indication of a metal-to-semiconductor or semiconductor-to-metal transition. In other words, the conductance of the metallic armchair tube at Fermi energy remains nonzero, even under severe bendings. And there is no conducting state produced within the gap of the bent semiconducting zigzag tube. For the case of a semiconducting zigzag tube, this result could be expected, based on the fact that no matter how the finite bent region is mechanically modified, the semi-infinite nanotube leads, being semiconducting zigzag ͑10,0͒ themselves, do not possess any conducting channel within their gaps. That is, irrespective of how charge carriers are scattered within the bent region, they cannot find a way out through the semiinfinite leads, at energies within the gap. The same reason applies to the conductance of the bent kink structures, where the gap persists upon bending, due to the lack of conducting channels within the semi-infinite zigzag lead attached to the zigzag part of the bent region.
From Figs. 3 and 4 , the conductance of armchair, zigzag, and kink structures is observed to reduce rather smoothly upon bending, with an average maximum reduction of less than 50% for the largest bending angles. Interestingly, despite the severely deformed portions observed at large bending angles, we do not observe the dramatic decrease of conductance by several orders of magnitude observed in the experiments of slightly bent tubes by atomic force microscope 18 ͑AFM͒ and their corresponding relaxed sp 2 theoretical results. 20 This difference is attributed to the fact that in both the experimental and theoretical investigations, the presence of the AFM tip causes a severe deformation which is uniquely localized. This kind of uniquely localized deformation, however, is absent in our geometry optimization results.
C. I-V characteristics
The I-V characteristics of the bent structures are depicted in Fig. 5 . From Fig. 5͑a͒ it is evidently seen that as the bending angle increases, the current passing through the bent armchair ͑6,6͒ tube decreases, while that of the zigzag ͑10,0͒ tube increases .
In order to see the reason, we notice that the conduction of the bent tube under bias is determined by the number of conducting channels available within the two semi-infinite leads and the corresponding transmission coefficient between any pair of them, for the energies belonging to the integra- tion window f B (EϪ B )Ϫ f A (EϪ A ) in Eq. ͑1͒. The number of conducting channels of the leads at any energy is independent of the bending angle and is determined by the number of the highest occupied bands of one lead and the number of lowest unoccupied bands of the other lead, which share the same energy after the band structures are shifted due to the applied bias. The transmission coefficient, on the other hand, depends on the deformation of the local density of states ͑LDOS͒ within the bent region, as one moves from the two ends of this region toward its center. Upon a detailed examination of the LDOS within the bent region under nonzero bias, we observe that the LDOS in the bent region includes oscillations whose amplitude increases with increasing bending angle. The increase of the amplitude, however, is not symmetric: taking the LDOS of the straight tube as reference, on the average, the ''positive'' amplitudes are dominant over the ''negative'' ones. This is attributed to the creation of additional localized electron/hole states for higher bendings.
We first consider the case of the metallic ͑6,6͒ tube, with a pseudogap of 2.0 eV. For this tube, the number of available conducting channels in one of the leads at any energy in the integration window is equal to the number of bands within the pseudogap, up to bias 2.0 V. Whenever the oscillations of the LDOS of the bent region result in a smaller number of states as compared to that of straight tube at a certain energy, the transmission coefficient is reduced-due to the reduction of the states available for tunneling across the bent regionwhich results in a conductance reduction. Whenever the LDOS oscillations of the bent region increase the number of states compared to that of the straight tube, however, the conductance cannot increase due to the limited number of channels within the pseudogap of one of the leads. Therefore the net effect of LDOS oscillations within the bent region is a reduction of the conductance and current for higher bendings. Next, consider the case of a semiconducting ͑10,0͒ tube. In this case, the number of available channels of the leads, within the integration window, is not as restricted as that of the metallic ͑6,6͒ tube. In particular, some of the van Hove singularities corresponding to the DOS of one of the leads become aligned with those of the other lead, as a result of the DOS shift due to the applied bias. Therefore, the LDOS oscillations in the bent region can result in both an increase and decrease of conductance. However, as the ''positive'' amplitudes in the LDOS oscillations are on the average dominant over the ''negative'' ones, the conductance and current increase at higher bending angles. This is restricted to the nonzero-bias case, as for zero-bias conductances the limiting factor is the maximum number of conducting channels of leads and the situation is similar to that of the metallic ͑6,6͒ case described above.
The I-V characteristics of the kink structure at different bending angles, which are displayed in Fig. 5͑b͒ , do not show a monotonic increase or decrease of the current upon bending. This is attributed to the fact that for the ͑10,0͒-͑6,6͒ kink structure, the mechanisms responsible for an increase or decrease of the current in individual ͑6,6͒ and ͑10,0͒ struc- tures compete with each other and prevent a net, bendingdependent increase or decrease of the current from being present.
The monotonic change of the current upon bending, at fixed bias voltage, is an interesting effect which can be employed in designing nanometer-scale electromechanical sensors and switches. The difference in the localization patterns of the electron/hole states within the bent region, together with the available conducting channels in the leads, results in opposite bending-dependent behaviors of the I-V characteristics for the metallic and semiconducting tubes. However, each of these behaviors makes it possible to establish a correspondence between the bending angle and the current, at a fixed bias, which is passing through the bent tube. According to our results, the bending dependence of the current is more significant at higher bias voltages and shows a stronger dependence of the electronic transport characteristics on the mechanical response of the nanotubes upon bending. For example, the I-V results of the semiconducting ͑10,0͒ tube show that it is possible to switch from a relatively small current (0.161ϫeVϫ2e/h) to a relatively large one (0.542 ϫeVϫ2e/h), by just bending the tube from 120°to 180°at a fixed bias voltage of 1.5 V.
IV. CONCLUSIONS
In summary, we have calculated the relaxed configurations of metallic, semiconducting, and metal-semiconductor kink nanotube structures at different bending angles. A difference between the mechanical response of the zigzag and armchair nanotubes, at relatively large bendings, is observed, which is attributed to the presence of bonds parallel to the tube's axis in the zigzag case. Although at zero applied bias the conductance of all the structures is reduced rather smoothly upon bending, at a nonzero bias the behaviors differ: While the current passing through the metallic structure decreases at larger bending angles, that of the semiconducting one increases. This is explained by the difference in the localization patterns of electron/hole states within the bent region and the available channels of the leads, which show, in addition, why the kink structure does not show such a monotonic behavior. The correspondence between the mechanical response and the electronic transport of the nanotubes is shown to be applicable to nanoelectromechanical switch and sensor design.
